Left-handed Z-DNA has fascinated biological scientists for decades by its extraordinary structure and potential involvement in biological phenomena. Despite its instability relative to B-DNA, Z-DNA is stabilized in vivo by negative supercoiling. A detailed understanding of Z-DNA formation is, however, still lacking. In this study, we have examined the B-Z transition in a short guanine/cytosine (GC) repeat in the presence of controlled tension and superhelicity via a hybrid technique of single-molecule FRET and magnetic tweezers. The hybrid scheme enabled us to identify the states of the specific GC region under mechanical control and trace conformational changes synchronously at local and global scales. Intriguingly, minute negative superhelicity can facilitate the B-Z transition at low tension, indicating that tension, as well as torsion, plays a pivotal role in the transition. Dynamic interconversions between the states at elevated temperatures yielded thermodynamic and kinetic constants of the transition. Our single-molecule studies shed light on the understanding of Z-DNA formation by highlighting the highly cooperative and dynamic nature of the B-Z transition.
D
NA is capable of adopting various conformations in addition to the conventional right-handed B-DNA double helix (1, 2) . One of the most dramatic examples is Z-DNA, which is a lefthanded helical form with a zigzag backbone (3, 4) . Since its discovery, Z-DNA has drawn considerable attention from a broad range of research areas, including physical biochemistry, structural biology, and molecular biology, because of its intriguing and unusual structural features (3) . The bases in Z-DNA alternate in syn-and anti-conformations while all the bases in B-DNA adopt the anti-conformation. Because the syn conformation is more stable for purines (Pu) than for pyrimidines (Py), alternating Pu and Py sequences readily adopt the Z-DNA conformation. Another striking feature of Z-DNA is the overturning of base pairs, posing a steric dilemma known as the chain sense paradox (3, 5) .
Although Z-DNA is less stable than B-DNA at physiological ionic conditions, Z-DNA exists stably under certain conditions such as high ionic strength or negative supercoiling (4, (6) (7) (8) .
In the presence of a high-salt solution, the electrostatic repulsion between the phosphate backbones, which are closer in Z-DNA than in B-DNA, is reduced, stabilizing the Z-DNA conformation. Negative supercoiling induces the Z-DNA conformation even in physiological salt conditions because formation of Z-DNA significantly relieves torsional stress. Z-DNA has also been shown to exist stably in vivo in the presence of physiological negative supercoiling (9, 10) .
Although there were first doubts as to whether Z-DNA plays any biological role, considerable experimental evidence for biological functions of Z-DNA has accumulated over the past two decades (11) . In addition to the discovery of antibodies and proteins that bind selectively to Z-DNA (12, 13) , Z-DNA formation has been strongly correlated with transcriptional activity. Transcription can induce Z-DNA formation, and the Z-DNA structure formed at or near the promoter region of genes regulates their transcription in vivo (14, 15) . Z-DNA has also been implicated in various human diseases such as blood cancers, autoimmune diseases, and Alzheimer's disease (16, 17) .
Although the biological significance of Z-DNA has begun to be appreciated, our fundamental understanding of Z-DNA is far from complete (5) . Despite the recent success in determining the structure of a B-Z-DNA junction (18) , the thermodynamic and energetic details available for Z-DNA are still lacking. Additionally, the molecular mechanism behind the B-Z transition is not yet fully understood. Traditional methods, which have been widely used to study Z-DNA, such as x-ray crystallography, CD spectroscopy, electrophoresis, and antibody binding assays (3-8, 12, 19, 20) , are not able to capture the dynamic features of the DNA molecule because of their limited spatial and temporal resolution. Moreover, the aforementioned techniques are not suitable for directly probing conformational changes in short, localized regions embedded in a long DNA molecule.
Hybrid schemes combining various single-molecule techniques (21, 22 ) have proven to be useful for measuring minute conformational changes under various mechanical conditions. Here, we utilized torquemetric fluorescence microscopy, our hybrid technique that combines single-molecule FRET (23, 24) and magnetic tweezers (24, 25) in order to gain direct and quantitative information regarding the thermodynamic parameters and dynamics of Z-DNA formation. This technique enables us to examine in real time conformational dynamics of a specific, localized DNA sequence under precisely controlled tension and superhelical density. By tracking single-molecule FRETsignals from the donor and acceptor dyes flanking the guanine/cytosine (G∕C) repeat sequence (Table S1 ) undergoing the B-Z transition (Fig. 1) , we clearly identified two FRET states corresponding to the B-and Z-DNA conformations and found that the tension as well as the torsion applied to a DNA molecule is a critical factor in stabilizing Z-DNA. Contrary to the current knowledge, the superhelical density that is required to trigger the B-Z transition in the presence of approximately one picoNewton tension is remarkably small, at least fivefold smaller than the previously accepted values (8, 19) . In addition, the supercoiling-induced B-Z transition was directly verified by observing a synchronous unbuckling of the DNA molecule. We also observed dynamic interconversions between the two states at elevated temperatures, which allowed us to evaluate thermodynamic and kinetic constants for the B-Z transition directly. The results from our single-molecule study revealed the highly cooperative and dynamic nature of the B-Z transition. This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: hongsc@korea.ac.kr.
Results

Assignment of Conformational
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0911528107/DCSupplemental. alternating GC repeat sequence (GC core, ∼7.1 nm and ∼8.2 nm long in the B-and Z-form, respectively), we measured the FRET efficiency (FE) from the GC core at various salt concentrations in the absence of external tension and torsion (Fig. 2) . At the lowest concentration for each salt, this mechanically unconstrained core DNA revealed a peak FE of ∼0.50 corresponding to B-DNA, in addition to a peak FE of ∼0 arising from donor-only molecules. Because Z-DNA is favored under high-salt conditions (4, 6), the new peak (FE ¼ 0.12) detected in high-salt conditions can be attributed to Z-DNA. According to these measurements, FEs from 0.03 to 0.21 and from 0.42 to 0.58 were assigned to Z-and B-DNA, respectively. The methylated GC core (Gm 5 C core) shows a similar tendency, with the exception that the transition occurs at lower salt concentrations (Fig. S1 ). The methyl groups in ðGm 5 CÞ n strengthen hydrophobic interactions, thus stabilizing Z-DNA at lower salt concentrations (6, 26) . All the FE results from unconstrained core DNAs are listed in Table S2 .
The salt conditions at which B-and Z-DNA are equally probable (midpoint conditions) were deduced from our FE histograms and are consistent with previous experimental data (26) , with the exception of the Gm 5 C core in the presence of MgCl 2 , in which the midpoint is 0.6 mM MgCl 2 . The discrepancy found for Gm 5 C is likely due to imperfect enzymatic methylation of cytosine. To further support the structural assignment shown above, we measured the CD spectra of the GC core at 0.1 M and 3.0 M NaCl (Fig. S2) . The CD spectra obtained at the low-and high-salt conditions are similar to the known spectra of B-and Z-DNA (27) , respectively. The substantial inversion of the CD spectrum suggests that the transition occurs over the entire ðGCÞ 11 sequence. Considering these results, the internal dye labeling for fluorescence measurement has little effect on the B-Z transition of the ðGCÞ 11 sequence. As seen in these traces, a molecule initially adopting the B-form undergoes the transition to the Z-form by negative supercoiling. All the transitions were a one-step process with no detectable intermediate state. Spontaneous conformational switching could not be observed at any σ value during FRET measurements, the duration of which is limited by dye photobleaching. These observations are compatible with previous antibody binding assays performed at room temperature (28, 29) , in which the transition rate was very slow (∼1 h) even at the midpoint σ value where the two states are equally probable. However, as soon as the DNA returned to σ ¼ 0, the FE quickly returns to the value for the B-form, indicating that the transition is reversible. The Gm 5 C core behaved similarly while a control random core showed no change in FE under negative supercoiling (Fig. S4) .
The inversion of helical sense by Z-DNA formation absorbs some negative linking difference, and, thus, reduces the effective negative linking difference on the rest of the molecule. In order to monitor such a topological effect, we measured the FE from the core DNA and the extension of the entire molecule at 0.2 pN simultaneously (Fig. 3D ). As seen in Fig. 3D and illustrated in Fig. 1 , the height of a DNA-bound bead decreased gradually as the DNA was being unwound because most of the linking difference is distributed to writhe at 0.2 pN, and the DNA was extended by ∼300 nm (ΔL) at the moment the core was converted to the Z-form. According to the available structure data (3, 19) , the B-to-Z conversion of a ðGCÞ 11 segment results in a loss of approximately four negative superhelical turns. Since the length of one plectoneme is estimated to be ∼70 nm from the slope of the extension-vs.-ΔLk curve (30) , and also from the top and middle panels of Fig. 3D , the steps of ∼300 nm (Green Arrows in Fig. 3D ) agree well with the loss of ∼4 plectonemes. This result confirms that the decrease in FE originates from supercoilinginduced Z-DNA formation and that the presence of dyes does not block propagation of the Z-form toward the ends of the
In order to systematically analyze the effect of σ on the B-and Z-DNA states, all the relevant FRET data from torsionally stressed DNA molecules were summarized ( became more negatively supercoiled. The population distribution is inverted in a narrow range of σ, which is characteristic of a cooperative transition (4, 19, 29) . At F ¼ 0.2 pN, the transition midpoint is located at −σ ≈ 0.013, which is much smaller than −σ ≈ 0.045 for the transition midpoint reported from bulk assays on supercoiled plasmids (8, 19) . Tension, missing in assays with plasmids, must be responsible for the large discrepancy. Since the tension to a DNA molecule modulates the distribution of its linking difference between twist and writhe (31), tension as well as torsion is expected to play an important role in the B-Z transition. The midpoint of the transition at a higher tension (F ¼ 1.4 pN) was observed at σ values as low as σ ¼ −0.006. As shown in Fig. 3C , a molecule in the B-form at σ ¼ −0.009 and 0.2 pN isomerized quickly to the Z-form while the force was elevated to 1.4 pN. The results obtained for other forces also support the idea that Z-DNA is formed at smaller −σ for higher force (Fig. S3 ). For F ¼ 0.2 pN, we only used −σ ≤ 0.018 because larger negative supercoiling brought the bead down into the evanescent field region, generating an enormous auto-fluorescence signal from the bead. Similarly, we could not obtain data at forces lower than 0.2 pN because the strong auto-fluorescence signal from a bead bound to a slightly underwound DNA molecule precluded FRET measurements. The elapsed time from the start of DNA twisting (t ¼ 0) until the transition is displayed in Fig. 4E and F and Fig. S3E . These results also reveal that tension as well as negative supercoiling facilitates the B-to-Z transition. At F ¼ 1.4 pN, the DNA molecules tested were converted to the Z-form at nearly the same threshold σ ≈ −0.010, regardless of the final σ. This result is again consistent with the observations that in the presence of tension, the B-Z transition occurs at a −σ much smaller than previously observed values (8, 19) . The Gm 5 C core undergoes the B-Z transition at a −σ even smaller than the GC core at 0.2 pN, while both cores exhibit similar σ dependence at 1.4 pN. This result implies that tension is a more important factor in the B-Z transition than the methyl modifications. together with its idealized FRET trajectory (Red Lines) generated by hidden Markov modeling (32) . By attenuating the excitation power, we managed to obtain long-time FE traces (∼3000 sec) without photobleaching of dyes. In such long-time traces, we were able to observe that DNA molecules switched back and forth between the two FE states. The histograms of the dwell times for the B-and Z-states shown in Fig. 5B are well fitted to a single exponential decay equation, which yields the rate constants of the forward (k BZ ¼ 1∕τ B ¼ 0.051 sec −1 ) and reverse (k ZB ¼ 1∕τ Z ¼ 0.070 sec −1 ) reactions. From the rate constants, we calculated the equilibrium constant of the reaction (K eq ¼ k BZ ∕ k ZB ¼ 0.73), which agrees well with the ratio of the occupation times of the two states (t total;Z ∕t total;B ¼ 0.73), read directly from Fig. 5A . The data fit well to a single exponential decay equation, indicating that the B-Z transition follows first-order kinetics involving no measurable intermediate state and that the GC core can be regarded as a two-state system (4, 7). The average dwell times (t B andt Z ) are equivalent to τ B and τ Z provided that the dwell time histogram is described by a single exponential decay. Since FE traces are often not long enough to get a good fit, we uset B andt Z instead of τ B and τ Z .
Even at elevated temperatures, rapid conformational switching like that shown in Fig. 5A was only observed around the midpoint σ. Traces of the GC core obtained for various σ values at 40°C and 1.4 pN are shown in Fig. 6 together with the values of k BZ , k ZB , and K eq . The larger −σ is, the larger the probability of adopting the Z-form, analogous to the result in Fig. 4C . Since the fraction of Z-form molecules, which was 0.2 at σ ¼ −0.011 Fig. 6A , the σ window for the transition is much narrower than in Fig. 4C . This feature may reflect the fact that in Fig. 6A we acquired an entire dataset for different σ values from one molecule, which has a unique Lk 0 , whereas the results in Fig. 4C exhibit a broadening of the Lk 0 by collecting data from many different molecules (33) . The rate constants are sensitive to changes in σ as well. The forward (k BZ ) rate increases rapidly with increasing −σ while k ZB showed the opposite trend. No spontaneous switching in either direction was observed when ΔLk was changed only by AE2 turns from the midpoint.
Interestingly, the midpoint −σ in Because Lk 0 is reduced by 6.0 turns at 40°C, compared to room temperature, the DNA tether should be further underwound by ΔLk ¼ −6.0 in order to maintain the same torsional stress, assuming that the torsional modulus of B-DNA remains the same. A similar temperature dependence of the B-Z transition was observed by varying the temperature for a fixed force and a fixed σ (Fig. S5) . According to the above relation, ΔLk 0 is decreased by 1.2 turn per 3°C increment. Thus, the equilibrium of the B-Z transition shifts toward the B-DNA state as the temperature is raised. Unfortunately, this additional effect of temperature on the helical twist makes it difficult to determine the activation energy because the rate constants are extremely sensitive to such changes of ΔLk and thus σ.
Discussion
The most striking finding presented here is that the B-Z transition occurs at σ values as low as −0.006 (ΔLk ¼ −7) at F ¼ 1.4 pN and room temperature. Although the midpoint −σ at the lower forces is somewhat larger (Fig. S3) , it still remains considerably smaller than the value reported in literature under force-free condition. For the sake of simplicity and concreteness, we only consider the case of F ¼ 1.4 pN. Because neither a plectoneme nor a bubble is formed at such small −σ values, the linking number change only appears as twist (ΔLk ¼ Tw) (31, 34). The energy by twist is given as follows (31, 34) :
where C is the torsional modulus (C ¼ 86 nm k B T) (31, 35) and L 0 the contour length of the DNA tether (L 0 ¼ ∼3800 nm), giving G Tw ∼ 0.26ΔLk 2 kcal∕mol. Z-DNA formation relieves the torsional stress of negatively supercoiled DNA by absorbing twist. When a ðGCÞ i repeat is flipped from the B-to Z-form, the accompanying twist change, according to the conventional zipper model (19) , is:
where a is the twist change when a ðGCÞ 1 dinucleotide unit flips from a B-helix (10.5 bp∕turn) to a Z-helix (−12 bp∕turn), a ¼ 2 × ½ð1∕10.5Þ þ ð1∕12Þ, and b is the twist allocated to a B-Z junction, which was determined to be 0.4 turn from the zipper model. Because i ¼ 11 for our GC core, ΔTw ¼ −4.7 turns, meaning that 4.7 turns are released upon forming Z-DNA. At ΔLk ¼ −7, the twist energy is 12.9 kcal∕mol if the whole molecule is in B-form, whereas the twist energy is reduced to 1.4 kcal∕mol when the core adopts the Z-form. Because the en- ergies of the two states should be the same at this midpoint ΔLk, the difference between the twist energies of B-and Z-forms should be equal to the formation energy of Z-DNA (ΔG Z ). Considering the error in estimating the midpoint ΔLk, ΔG Z becomes 11.5 AE 2.5 kcal∕mol, which is somewhat lower than the free energy calculated by Peck et al. (19) using the parameters determined from 2D gel assays (ΔG Z;Zipper ¼ 17.3 kcal∕mol). In the case of the Gm 5 C core, the transition midpoint is σ ¼ −0.005 (ΔLk ¼ −6). Thus, ΔG Z for ðGm 5 CÞ 11 is determined to be 9.1 AE 2.5 kcal∕mol by similar energy arguments.
ΔG Z estimated in this work depends on what value of torsional modulus (C) is used. Unfortunately, the correct value for C is not fully established (30, 31, 34) and depends on the environmental conditions. In our estimation, we used the most widely used value (86 nm k B T). The discrepancy in ΔG Z can be attributed to different experimental conditions (tension, temperature, etc.) between 2D gel assays and single-molecule manipulation techniques.
Even if the possible inaccuracy in C is taken into account, the midpoint −σ we obtained is still much smaller than previously reported values. To explain this discrepancy, we considered the energy of supercoiling in the absence of tension. The energy of a supercoiled DNA at a given ΔLk is (33, 36) :
where N is the total number of base pairs (∼12 kbp), giving ΔG ∼ 0.05ΔLk kcal∕mol. According to Eqs. 1 and 3, a much larger −ΔLk is necessary in the absence of tension than in its presence in order to overcome the energy cost of Z-DNA formation. This discrepancy can be also explained by the following qualitative argument. Since the ratio of writhe to twist in plasmid is known to be approximately 3∶1 and torque induced by twist is responsible for the B-Z transition, the onset σ at zero tension would be roughly four times the onset σ at 1.4 pN (∼ − 0.01 at 37°C) in which almost all linking difference is distributed to twist. Then, the onset σ at zero tension (∼ − 0.04) is in the range known from literature (σ < −0.03). Thus, our result is consistent with the previous results obtained in bulk.
The difference in twist energy before and after the B-Z transition (ΔG Tw;B − ΔG Tw;Z ) varies linearly with ΔLk, assuming that the twist absorbed by the Z segment is constant. The difference in total energy also varies linearly, assuming that ΔG Z is constant. The energy difference in the absence and presence of the Z-form per unit ΔLk (ΔΔLk ¼ 1), calculated from Eq. 1, is ∼2.5 kcal∕mol·turn. Thus, even a small change in ΔLk can alter the relative populations of the B and Z states, as well as the rate constants of the B-Z transition significantly (Figs. 4 and 6) .
A variety of base-flipping models, which can explain the chain sense paradox, have been proposed. In one model, breaking of the hydrogen bonds between pairing bases is required (4, 19) . In another model, flipping of the base pairs occurs through a series of correlated internal motions of backbones and glycosidic bonds without breaking hydrogen bonds (37) . Thus, the possibility of bubble formation as an initial step of the B-Z transition is a key issue in the mechanism of the B-Z transition (5) . According to our results, the B-Z transition occurs at a much smaller −σ than required for DNA denaturation. At 1.4 pN, DNA denaturation occurs at approximately σ d ¼ −0.014 (ΔLk ¼ −15 for 12-kbp DNA) (31, 34) . Even if the denaturation is initiated at σ ≥ σ d , it will be preferentially in AT-rich regions. The probability of forming a bubble instead of Z-DNA in the GC core would be extremely small at our midpoint σ. Recent structural data has indicated that base stacking is maintained even between B-and Z-segments across a B-Z junction (18) . An intermediate may not be a simple bubble where a few hydrogen bonds are broken and base stacking interactions are disrupted over a few bases, but a symmetric "double-bulge" with two extruded bases whose two adjacent base pairs retain base stacking interactions.
Our results also show unambiguously that the torsion-absorbing, non-B-DNA structure in the alternating GC sequence cannot be a cruciform, because such a structure would yield a higher FRET efficiency than the B-DNA state (38) , contrary to our present observations.
The results obtained at low forces are more complex to analyze than at high force because a given ΔLk is distributed to both twist and writhe. Accumulation of twist is, however, certainly important for the B-Z transition as the larger −σ is required for the transition at low forces. It should be also noted that the midpoint −σs for 0.3 and 0.4 pN are closer to the midpoint −σ for 1.4 pN than for 0.2 pN as seen in Fig. S3D . According to the σ-extension curve in ref. 31 , writhe starts to be formed as soon as DNA is unwound at 0.2 pN, whereas writhe is not formed at forces above 0.3 pN until a certain onset σ is reached. Thus, twist energy can be accumulated more easily at these forces than 0.2 pN by unwinding DNA. Once the twist energy exceeds the energy required for Z-DNA formation, the transition occurs regardless of subsequent writhe formation. This observation supports again the importance of twist for the B-Z transition and the critical role of force therein from the fact that it modulates the partition of ΔLk between twist and writhe.
Conclusion
We have presented previously undescribed experimental results characterizing the thermodynamics and dynamic aspects of the Z-DNA formation in a ðGCÞ 11 sequence in the presence of precisely controlled tension and superhelicity. The formation of Z-DNA was governed by torsional stress in the DNA molecule. The tension to the DNA was also found to be a critical factor in facilitating the formation of Z-DNA, particularly at very small −σ values. The rate constants k BZ and k ZB were directly measured by real-time monitoring of the interconversions between the B-and Z-DNA states. Our straightforward measurement provides a reliable way to determine the rate constants of the B-Z transition, avoiding ambiguity and technical difficulties associated with antibody binding and control of supercoiling by DNA intercalators. Taken together, our findings also provide some clues to the transition mechanism. Z-DNA is believed to play important biological roles in living cells (11) . Z-DNA forming sequences such as ðGCÞ n and ðGTÞ n are known to exist commonly at promoter regions (39) . Our results suggest that Z-DNA can be formed in vivo more easily than expected from previous results, especially in the presence of tension. Such a sequence is a very effective regulator of torsional stress during gene expression because it is transformed to Z-DNA beyond the onset σ value for the B-Z transition while it is rapidly recovered to B-DNA after torsional stress is removed. A preferred conformation for a given σ value is quickly reached and held after a brief conformation search at the onset σ, which is the hallmark of the cooperative B-Z transition. Our hybrid single-molecule approach, which enables us to elucidate the underlying details of Z-DNA formation, sheds light on the intriguing phenomena of the B-Z transition.
Materials and Methods
Preparation of DNA Samples. Sample preparation is described in detail in SI Methods and elsewhere (24) . Our DNA tether consists of five parts: Insert DNA (∼12 kbp), core DNA, connector, Dig-linker, and Bio-linker (Fig. 1) . The core DNA (38 bp), which contains a FRET dye pair, is of primary interest. The GC core DNA contains the ðGpCÞ 11 sequence in which dyes are separated by 14 bp (Fig. 1 ). In the Gm 5 C core, cytosine bases were methylated at C5 atoms. The random core bears a randomly arranged sequence. The sequences of core DNAs are given in Table S1 . DNA tethers were attached to streptavidin-coated magnetic beads (MyOne, Dynal, Invitrogen) in phosphate buffered saline (PBS, pH 7.4). The DNA-bead complexes were injected into a sample chamber coated with anti-digoxigenin (Roche). After a 1-2 h incubation, the imaging buffer (10 mM Tris-HCl (pH 7.4), 100 mM NaCl, 2 mM Trolox, and oxygen scavenging solution) was injected into the chamber. A brief passivation step using sonicated DNA (sssDNA, Invitrogen) was used when needed to prevent nonspecific binding between the glass surface and beads. To measure the FEs of core DNAs free from tension and torsion, the core DNAs were ligated only to Bio-linkers (Fig. 1 ). These were immobilized on a neutravidin-coated glass surface. The FEs were measured in the imaging buffer containing various amounts of salts.
Single-Molecule FRET and Magnetic Tweezers Experiment. An objective-type TIRF system equipped with the overhead magnetic tweezers was utilized. The force exerted to DNA was determined by utilizing the equipartition theorem and measuring the Brownian fluctuations of the DNA-bound bead. The diffraction pattern of a DNA-bound bead generated by illuminating it with near-IR light was used to measure the extension of the DNA molecule. Singly tethered and torsionally constrained DNA molecules were chosen for experiments by checking the σ-vs.-extension relationship at high and low forces (1.4 and 0.5 pN) . Fluorescence intensities of the donor and acceptor dyes in the core DNAs were recorded to obtain the FE defined by I A ∕ðI A þ I D Þ where I A and I D are the acceptor and donor intensities, respectively. The temperature of the sample chamber was controlled as described previously (40) . The objective lens beneath the chamber was warmed by surrounding the lens with a solenoidal tubing that circulates water from a temperature-controlled water bath and the chamber was also directly heated from above by Ohmic heat generated by a current-carrying ITO plate. A thermocouple inserted in the sample chamber was used to measure the temperature. The margin of error in temperature measurement was less than 1°C
. All experiments were performed at room temperature unless otherwise specified. For long-term measurements, the power of the excitation laser was significantly attenuated.
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